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\  PROJECT  SUMMARY 

^  - 

Cathode  plasmas  in  pulsed  high  current  vacuum  dicces  have 

been  studied  using  optical  interferometry  and  spectroscopy .  Both 
aluminum  and  graphite  cathodes  were  used  and  the  diode  current 
density  was  varied  over  a  factor  of  ten.  The  cathode  plasma  in¬ 
ventory  was  seen  to  increase  during  the  length  of  the  pi^jje  and 
the  plasma  density  was  seen  to  increase  with  increasing  current 
density.  Spectral  line  emission  from  H,  Cl,  CII,  and  CIII  was 
observed  wrhen  either  cathode  was  used.  It  is  concluded  that  cath¬ 
ode  plasma  expansion  is  dominated  by  protons  from  cathode  surface 
contaminants . 
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Intrcduct ion 


The  properties  of  the  plasma  layer  formed  on  the  cathodes 
of  pulsed  vacuum  diodes  and  magnetically  insulated  transmission 
lines  (MITL's)  determine  many  aspects  of  the  behavior  of  these 
devices.  For  example,  electron  flow  may  be  affected  by  plasma 
instabilities  whose  growth  rates  depend  on  the  plasma  param¬ 
eters,1'"  and  the  pulse  length  is  often  limited  by  gap  closure 
due  to  expansion  of  the  cathode  and  anode  plasmas.  To  control 
these  effects,  then,  it  becomes  necessary  to  control  the  compo¬ 
sition,  density,  and/or  temperature  of  the  cathode  plasma. 

A  relevant  question  concerns  the  importance  of  surface  con¬ 
taminants  such  as  the  thin  layers  of  pump  oils  which  will  exist 
in  most  practical  vacuum  systems.  If  these  impurities  dominate 
cathode  plasma  formation  then  variations  in  cathode  material  and 
surface  preparation  will  have  little  effect  on  the  cathode  plasma 
properties . 

It  is  worth  noting  that  the  processes  of  energy  supply  to 
the  cathode  may  vary  widely  from  device  to  device.  The  density 
of  current  drawn  from  the  cathode  into  the  cathode  plasma,  for 
example,  may  range  from  several  hundred  kA/cm:  in  an  intense  ion 
beam  diode  to  less  than  IkA/cm2  in  a  long  MITL.  Qualitative  vari¬ 
ations  are  also  to  be  expected,  ranging  from  localized  resistive 
heating  of  cathode  protrusions  to  a  broad  area,  short  range  depo¬ 
sition  of  energy,  due  to  electron  bombardment  in  a  MITL3  or  soft 
x-ray  fluences  from  a  nearby  load.1"  The  cathode  plasma  properties, 
as  well  as  the  relative  importance  of  surface  contaminants  in  de¬ 
termining  these  properties,  may  thus  be  expected  to  depend  on  the 
particular  diode. 


The  objectives  of  the  work  reported  here  were  to  determine  the 


importance  of  surface  impurities  in  cathode  plasma  formation  in  a 
specific  diode,  and  then  to  investigate  the  relevance  of 

these  results  to  other  experiments  by  varying  the  current  density 
drawn  from  the  cathode  over  a  factor  of  ten.  This  is  a  continua¬ 
tion  of  work  reported  earlier.5 

Experiment 

This  experiment  involves  spectroscopic  and  interferometric 
studies  of  cathode  plasmas  in  a  planar  diode.  The  importance  of 
surface  contaminants  was  inferred  by  noting  the  effect  of  a  varia¬ 
tion  in  cathode  material  and  surface  preparation  on  the  cathode 
plasma  parameters,  and  the  current  density  was  varied  over  a  factor 
of  ten  by  varying  the  cathode  area.  The  diode  was  driven  by  a 
Sandia  Nereus  accelerator,  with  peak  voltages  and  currents  of  about 
240kV  and  60kA,  respectively,  and  80  nsec  pulse  lengths. 

Typical  cathodes  are  shown  in  Fig.  1.  They  are  in  the  form  of 
bars  with  lengths  of  7cm  and  widths  ranging  from  3mm  to  25mm,  yield¬ 
ing  peak  current  densities  which  ranged  from  about  27kA/cm2  to  3 
kA/cm2 ,  respectively.  The  cathodes,  which  were  replaced  after  every 
shot,  were  machined  from  2024  aluminum.  Various  types  of  surface 
finish  were  used  and  for  some  of  the  shots  the  cathodes  were  coated 
with  a  spray-on  graphite  coating  (Aerodag  G) 6 .  In  this  case,  the 
coating  was  thick  enough  to  completely  cover  the  aluminum  —  no  alu¬ 
minum  spectral  lines  were  observed,  nor  was  any  aluminum  visible 
under  the  graphite  after  the  shot.  The  cathodes  were  cleaned  with 
NaOH,  followed  by  HN03,  followed  by  ultrasound  before  each  shot 
(and  before  coating  with  graphite)  to  remove  any  foreign  material 
prior  to  pumpdown. 


The  diode  vacuum  was  typical  for  high  current  accelerators 
with  a  (diffusion  pumped)  pressure  of  about  3x10-**?  and  no  cold 
trap.  Standard  silicone  diffusion  pump  and  hydrocarbon  roughing 
pump  oils  were  used. 

A  schematic  of  the  experimental  arrangement  is  shown  in  Fig. 

2.  Power  was  fed  to  the  diode  by  a  single-sided  vacuum  feed  -- 
the  gap  in  the  feed  region  was  set  large  enough  to  confine  plasma 
formation  to  the  diode.  The  anodes  consisted  of  slabs  of  reactor 
grade  graphite  which  were  baked  out  to  remove  any  machining  oils 
and  then  allowed  to  equilibrate  with  the  ambient  air.  The  anode- 
cathode  gaps  ranged  from  2.1  to  3.5mm,  depending  on  the  cathode 
surface  area. 

A  Mach-Zehnder  interferometer  with  a  double  pulse  nitrogen 
laser  (337lA)  was  used  to  diagnose  the  plasma  density .  The  length 
of  each  pulse  was  less  than  2n's  and  the  interpulse  spacing  could 
be  varied.  The  two  laser  beams  were  aligned  to  pass,  almost  colli- 
nearly,  along  the  7cm  dimension  of  the  cathode  surface.  The  spa¬ 
tial  resolution  in  the  direction  across  the  A-K  gap  was  about  0.1 
mm;  the  spatial  resolution  in  the  direction  along  the  cathode 
width  was  limited  by  the  finite  crossing  angle  between  the  two 
beams  to  about  0.3mm. 

As  shown  in  Fig.  2,  some  o£  the  light  from  the  cathode  plasma 
passed  through  slots  in  the  anode  structure  and  was  imaged  onto  the 
entrance  slits  of  three  spectrometers.  The  0 . 5M  spectrograph  had 
its  slit  imaged  across  the  A-K  gap  and  was  used  with  photographic 
film  to  record  time  integrated  spectral  lines.  The  0 . 3M  and  0.1M 
monochromators  had  their  slits  imaged  parallel  to,  and  about  0.5mm 
from,  the  cathode  surface.  They  were  used  with  photomultiplier 


tubes  to  obtain  time  resolved  information  on  line  intensities. 

The  inter ferograms  yield  line  averaged  densities;  in  order 
for  these  measurements  to  be  of  any  use,  then,  it  is  necessary 
that  the  plasma  be  fairly  uniform  (in  a  macroscopic  sense)  along 
the  line  of  sight.  This  could  not  be  observed  directly,  but  was 
inferred  from  observations  of  current  flow:  x-ray  pinhole  photo¬ 
graphs  of  the  anode  (indicative  of  early  time,  high  voltage  elec¬ 
trons)  and  visual  analysis  of  the  anode  damage  patterns  (indica¬ 
tive  of  later  time,  lower  voltage  electrons).  Four  surfaces  are 
listed  in  order  of  decreasing  inferred  uniformity  of  current  flow- 
in  Table  1.  In  general,  the  best  results  were  obtained  with  alu¬ 
minum  cathodes  which  had  been  sandblasted  with  50  grit  aluminum 
oxide.  When  graphite  coated  cathodes  were  used,  there  was  a  notice 
able  difference  in  damage  uniformity  between  cathodes  that  were 
sandblasted  and  those  that  were  left  smooth  prior  to  coating  with 
graphite.  Unblasted  aluminum  gave  the  least  uniform  damage.  As 
would  be  expected,,  the  damage  uniformity  was  seen  to  increase  with 
an  increasing  rate  of  rise  of  the  diode  voltage  pulse.  A  typical 
x-ray  pinhole  photograph  and  anode  damage  pattern  for  a  sandblasted 
aluminum  cathode  are  shown  in  Fig.  3,  showing  the  relative  (infer¬ 
red)  emission  uniformity. 

Electrons  impinging  on  the  anode  will  (given  enough  time) 
turn  on  an  anode  plasma  and  energy  deposition  in  the  cathode  by  the 
resulting  ion  current  will  make  interpretation  of  the  observed 
cathode  plasma  properties  more  complicated.  Analysis  of  anode  dam¬ 
age  patterns  from  shots  where  the  diode  was  prematurely  crowbarred, 
however,  indicates  that  ion  flow  does  not  occur  until  near  the  end 
of  the  pulse.  For  the  first  seventy  or  so  ns  of  the  pulse,  then, 
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anode  effects  will  be  neglected.  Direct  measurements  of  the  ion 
current  with  Faraday  cups  are  planned  for  the  future. 


Results 

Current  and  inductively  corrected  voltage  waveforms  are  shown 
in  Fig.  4a.  A  6mm  wide  graphite  coated  cathode  was  used  for  this 
particular  shot,  but  these  waveforms  were  typical  of  all  shots. 

The  double  hump  in  the  current  trace  is  due  to  the  properties  of 
the  Nereus  accelerator.  The  bars  on  the  current  trace  indicate  the 
times  when  the  interferograms  in  Fig.  4b  were  taken.  Reference  in- 
terferograms ,  which  were  taken  immediately  before  each  shot,  are 
shown  on  the  left.  The  deviation  of  the  fringes  from  the  straight 
reference  fringes  is  proportional  to  the  local  (line  averaged)  den¬ 
sity.  Plasma  electrons  will  shift  the  fringes  down  while  neutrals 
will  shift  the  fringes  up.  For  the  7cm  path  length  in  this  experi¬ 
ment,  a  shift  of  one  fringe  corresponds  to  a  plasma  electron  den¬ 


sity  of  about  10 1  cm 
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The  area  viewed  by  the  interferometer  is 


shaded  in  Fig.  4c.  After  about  40ns  the  plasma  density  has  become 
great  enough  to  be  observed  and  as  time  goes  on,  the  observeable 
front  expands  toward  the  anode  while  the  density  at  any  fixed  point 
increases.  It  should  be  note  that  the  plasma  density  necessary  to 
close  the  gap,  given  by 
ne  =  3/evth 

was  about  1015cm“3  for  the  14kA/cm2  current  density  here,  assuming 
an  electron  temperature  of  a  few  eV;  thus,  the 

exact  plasma  front  could  not  be  observed.  Note  that  by  the  end  of 
the  shot  the  direction  of  fringe  shift  is  seen  to  reverse  near  the 
cathode.  This  is  seen  more  clearly  in  the  interferogram  in  Fig. 

5,  which  was  taken  at  the  end  of  a  shot  where  a  6mm  wide  graphite 


coated  cathode  was  used.  Since  the  timescale  is  probably  too 
short  for  recombination,7  this  could  be  due  to  a  continued  boil 
off  of  neutrals  from  the  still-hot  cathode  surface.  To  interpret 
neutral  induced  fringe  shifts  correctly,  it  is  necessary  to  know 
the  composition  of  the  neutral  matter.  For  carbon,  a  neutral 
density  of  about  1018cm-3  is  required  for  one  fringe  shift;  for 
hydrogen  the  required  density  is  about  2 . 5* 101 8 cm- 3 . e  So,  the 
neutral  density  may  be  estimated  at  >1018cm-3.  These  observations 
would  tend  to  imply  that  most  of  the  material  removed  from  the 
cathode  comes  off  in  the  form  of  neutrals  after  the  pulse,  and 
hence  plasma  density  measurements  given  here  may  not  be  relevant 
to  studies  of  cathode  erosion.9  Of  course,  the  effect  of  neutrals 
on  the  fringe  shift  earlier  in  time  cannot  be  entirely  discounted, 
but  spectroscopic  observations  suggest  that  the  ratio  of  neutrals 
to  ions  is  not  large  enough  during  the  earlier  part  of  the  pulse 
for  this  to  be  the  case. 

The  observed  plasma  density  was  seen  to  be  dependent  on  the 
current  density  drawn  from  the  cathode.  Current  traces  for  shots 
involving  6mm  and  3mm  wide  graphite  coated  cathodes  are  shown  in 
Fig.  6a,  with  the  corresponding  inter ferograms  shown  in  Fig.  6b. 
The  current  densities  drawn  from  these  cathodes  were  about  14  and 
27kA/cm2,  respectively.  (At  a  given  point  in  space  and  time)  the 
plasma  density  is  greater  for  the  higher  current  density  cathode. 
For  comparison,  interferograms  for  a  25mm  wide  cathode,  which  had 
a  current  density  of  about  3kA/cm2 ,  are  shown  in  Fig.  6c.  No 
plasma  is  visible  in  the  first  interferogram ,  indicating  an  elec¬ 
tron  density  of  less  than  about  2*1016cm-3,  while  neutrals  are 
seen  coming  off  the  cathode  in  the  second.  There  is  not  enough 
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data  at  present  to  determine  a  precise  functional  relationship  be¬ 
tween  current  density  and  plasma  density,  however,  the  data  is 
consistent  with  a  plasma  density  (at  a  given  point  and  time)  that 
is  proportional  to  the  time  integrated  current  density: 
ne  *  / jdt  . 

In  many  of  these  interf erograms  the  plasma  density  is  seen 
to  vary  across  the  cathode  surface,  being  highest  at  the  top  ecce 
and  decreasing  to  a  minimum  at  the  bottom  edge.  The  reason  for 
this  is  not  known  at  present,  however,  to  the  extent  that  the 
cathode  plasma  density  is  related  to  the  density  of  current  drawn 
out  of  the  cathode  surface,  this  density  variation  could  be  due  to 
a  corresponding  variation  in  current  density.  That  variation,  in 
turn,  could  be  caused  by  assymetrical  field  enhancement  at  the 
cathode  edges  or  by  assymetrical  accumulation  of  space  charge  in 
the  cathode-anode  gap,  both  being  related  to  the  single  sided 
nature  of  the  vacuum  feed.  Another  possibility  involves  incomplete 
magnetic  diffusion  into  the  cathode  plasmi 0 —  if  the  skin  depth  is 
such  that  some  of  the  current  is  forced  to  flow  through  the  plasma 
as  shown  in  Fig.  7,  then  the  current  density  drawn  from  the  cath¬ 
ode  will  again  be  higher  at  the  top.  Estimates  of  the  skin  depth 
(using  Spitzer  resistivity,  which  is  reasonable  here  since  the 
electron  thermal  velocity  exceeds  the  drift  velocity)  imply  that 
it  is  on  the  order  of  the  plasma  thickness. 

The  plasma  density  is  seen  to  increase  with  time;  this  could 
be  due  to  a  continual  plasma  resupply  or  just  the  expansion  of 
plasma  from  a  dense  layer  near  the  cathode.  In  order  to  separate 
these  effects,  the  diode  was  crowbarred  by  causing  the  insulator 
stack  to  flash  over  prematurely.  The  current  traces  and  interfero- 
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grains  are  shown  in  Fig.  8.  The  fact  that  the  fringe  shifts  are 
seen  for  the  full  pulse  while  none  are  seen  for  the  crowbarred 
pulse  indicates  that  current  flow  after  the  crowbar  point  is  re¬ 
sponsible  for  an  increased  plasma  density  and  thus  the  plasma  in¬ 
ventory  actually  increases  with  time  while  current  is  flowing  in 
the  diode. 

In  Fig.  9,  current  traces  and  inter ferograms  are  shown  for 
two  cathode  materials.  The  inter ferograms  on  the  left  were  taken 
when  a  sandblasted  aluminum  cathode  was  used,  while  those  on  the 
right  were  taken  when  a  graphite  coated  (sandblasted)  cathode  was 
used.  There  was  a  noticeable  density  difference,  with  the  plasma 
on  aluminum  cathodes  being  about  a  factor  of  two  less  dense  than 
those  on  graphite  coated  cathodes. 

The  late  time  characteristics  of  material  in  the  diode  gap 
are  relevant  to  repetitively  pulsed  diodes.11  Interferograms  taken 
at  late  times  for  a  3mm  wide,  graphite  coated  cathode  are  shown  in 
Fig.  10.  Once  again,  the  direction  of  fringe  shift  indicates  that 
the  material  consists  mainly  of  neutrals.  It  can  be  seen  that  50- 
lOOys  are  required  for  the  gap  to  clear,  which  is  in  agreement  with 
results  reported  in  Ref.  11.  It  was  also  found  that  the  gap  clear¬ 
ed  out  more  quickly  when  the  3mm  wide  cathode  was  used  than  when 
the  25mm  wide  cathode  was  used.  This  is  probably  due  to  geometri¬ 
cal  factors;  it  would  be  more  difficult  for  material  to  leave  the 
larger  (25mm  wide  x  3.5mm  gap,  and  so  more  closely  resembling  a 
parallel  plate)  diode,  than  to  leave  the  smaller  (3mm  wide  x  2.1mm 
gap)  diode. 

The  spectral  lines  observed  so  far  are  listed  in  Table  2. 

The  carbon  and  hydrogen  lines  were  observed  when  either  aluminum 


or  graphite  coated  cathodes  were  used.  Aluminum  lines  were  also 
observed  when  aluminum  cathodes  were  used.  No  strong  silicon  or 
oxygen  lines  have  been  seen  so  far  with  either  cathode.  The  in¬ 
tensities  of  the  strongest  CII(4267)  and  CIII(2296)  lines  were  ob¬ 
served  to  be  about  a  factor  of  six  greater  when  carbon  coated 
rather  than  aluminum  cathodes  were  used.  This  factor  of  six  was 
observed  at  both  the  3  and  14kA/cm2  current  densities.  The  Ha 
line  intensity  was  similar  for  both  aluminum  and  graphite  coate ' 
cathodes.  The  ratio  of  the  CIII  line  intensity  to  that  of  the  II 
line  was  higher  at  higher  current  densities,  as  would  be  expe<  d. 

For  a  plasma  in  local  thermodynamic  equilibrium,  the  line  '  .- 


tensity  ratio  is  given  by7 


I  (CIII) 
I (CII) 


3/2  _ 


AE/T 


n^  «  T 
e  e 


where  AE  is  the  energy  difference  between  upper  levels  of  the  two 
transitions  and  the  proportionality  constant  depends  on  the  atomic 
parameters.  The  plasma  densities  measured  here  are  far  too  low 
for  LTE  to  be  established  on  this  timescale.  However,  a  rough 
temperature  estimate  may  be  obtained  by  assuming  that  the  plasma 
equilibrates  at  some  high  density  layer, 

n  =  N 
e  eq 

very  close  to  the  cathode  surface  (closer  than  the  100u  resolution 
of  the  interferometer),  and  that  ionization  states  are  frozen  out, 
level  populations  are  frozen  out,  and  heating  is  negligible  from 
that  point  on.  Using  the  observed  values  of  I (CIII) /I (CII)  and 
choosing  t^=10 1 9cm“ 3,  (for  which  equilibrium  is  established  in  about 
Ins7)  yields  estimates  of  2.9(3.2)eV  for  the  3(14)kA/cm2  cath¬ 
ode.  While  this  model  is  admittedly  quite  crude  and  sensitive  to 


the  rather  arbitrary  choice  of  ,  a  change  in  the  product 
I (CIII ) /I  (CII ) xNe^  of  a  factor  of  ten  will  change  the  inferred 
temperature  by  only  ^±0.5eV.  A  more  accurate  characterization , 
using  the  time  dependent  collisional-radiative  model,12  will  be 
carried  out  in  the  future.  All  of  this  is  predicated  on  the  as¬ 
sumption  that  the  plasma  is  optically  thin;  this  was  checked  by 

placing  a  spherical  mirror  behind  the  plasma  so  that  light  inci- 
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dent  on  the  mirror  was  reflected  back  through  the  plasma  to  the 
monochromator  entrance  slit.  This  would  theoretically  double  the 
signal  for  an  optically  thin  plasma,  although  losses  in  the  optics 
will  limit  this  somewhat.  The  CIII  and  CII  intensities  showed 
close  to  a  factor  of  two  increase  when  the  mirror  was  used,  so  the 
assumption  of  an  optically  thin  plasma  seems  reasonable. 

When  aluminum  cathodes  were  used,  the  aluminum  line  emission 
did  not  show  a  vastly  different  time  dependence  than  chat  of  the 
carbon  line  emission.  In  Fig.  11,  the  intensities  of  Aim  ard 
CIII  lines  are  shown  for  an  aluminum  cathode  shot.  This  would 
imply  that  surface  contaminants,  here  indicated  by  the  carbon, 
enter  the  plasma  on  a  similar  timescale  as  the  cathode  substrate 
material . 

Aluminum  cathodes  were  coated  with  a  thin  layer  of  silicone 
diffusion  pump  oil  to  see  what  effect  this  had  on  silicon  line 
emission.  The  coating  was  thin  on  a  macroscopic  scale  but  quite 
thick  on  a  microscopic  scale.  In  Fig.  12,  the  intensities  of  the 
Sill  line  at  4130A  are  compared  for  cathodes  with  and  without  an 
oil  coating.  The  line  intensity  was  almost  lost  in  the  continuum 
background  when  an  uncoated  cathode  was  used  and  was  noticeably 
enhanced  when  the  cathode  was  coated  with  oil. 
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The  cathode  plasma  expansion  velocity  was  not  measured  direct¬ 
ly;  however,  it  was  inferred  from  the  impedance  time  history  to  be 
about  2cm/us.  It  is  important  to  note  that  this  inferred  velocity 
was  similar  for  both  aluminum  and  graphite  coated  cathodes  and 
similar  for  all  current  densities. 

Discussion 

The  plasma  density  difference  between  aluminum  and  graphite 
coated  cathodes,  the  increase  in  carbon  line  emission  when  graphite 
coated  cathodes  were  used  and  the  increase  in  silicon  line  emission 
with  a  silicon  oil  coating  all  show  that  the  cathode  plasma  is  af¬ 
fected  by  the  choice  of  cathode  material  and/or  surface  condition. 
On  the  other  hand,  the  observed  hydrogen  lines  (and  carbon  lines 
with  aluminum  cathodes)  clearly  show  that  the  cathode  plasma  is  at 
least  partly  composed  of  materials  from  surface  contaminants. 


Since  the  in¬ 
ferred  cathode  plasma  expansion  velocity  was  similar  for  both  cath¬ 
ode  materials,  it  would  seem  that  cathode  plasma  expansion  is 
caused  by  impurity  materials,  most  probably  hydrogen  due  to  its 
lower  mass.  The  inferred  expansion  velocities  are  consistent  with 
the  3eV  temperature  estimates  if  the  expansion  is  due  to  protons, 
and  the  fact  that  the  expansion  velocity  seemed  to  change  little 
with  changing  current  density  is  consistent  with  the  fact  that 
temperature  estimates  also  changed  little  with  current  density. 

The  fact  that  both  substrate  and  impurity  materials  are  ob¬ 
served  suggest  that  there  may  be  a  competition  between  the  two  to 


determine  the  makeup  of  the  cathode  plasma,  since  there  is  more 
than  enough  material  in  a  few  monolayers  of  oil  to  account  for  the 
entire  plasma  inventory.  This  is  consistent  with  the  similar  ob¬ 
served  time  dependences  of  substrate  and  impurity  line  emission, 
and  with  the  fact  that  a  macroscopic  increase  in  silicone  oil  coat¬ 
ing  caused  an  increase  in  silicone  line  emission.  While  the  cath¬ 
ode  plasma  will  be  affected  somewhat  by  the  choice  of  cathode  ma¬ 
terial  and  surface  condition,  it  seems  that  the  impurity  components 
(i.e.  protons)  must  be  removed  from  the  plasma  to  reduce  the  expan¬ 
sion  velocity.  To  eliminate  these  thin  coatings  in  a  practical 
vacuum  system  will  be  difficult  indeed.  If  the  plasma  supply  in¬ 
volves  such  a  competition,  however,  it  may  be  possible  to  effect  a 
near  removal  of  impurities  from  the  cathode  plasma  with  cleaning 
procedures  that  remove  most,  but  not  all,  of  any  impurities  from  the 
cathode  surface.  Since  the  plasma  required  to  short  the  gap  is 
usually  a  small  percentage  of  the  total  plasma  inventory  (<3%  in 
this  experiment) ,  the  requirements  on  plasma  purity  will  be  fairly 
strict . 

If  the  number  of  emission  sites  is  proportional  to  the  total 
current  (with  each  site  carrying  a  fixed  current)  and  most  of  the 
plasma  heating  occurs  near  the  emission  sites,  then  the  temperature 
would  be  independent  of  current  density  and  the  plasma  density 
would  be  linearly  proportional  to  the  current  density.  The  results 
of  this  experiment  are  not  inconsistent  with  such  a  picture.  This 
is  analogous  to  the  case  of  vacuum  arcs,  where  the  number  of  cath¬ 
ode  spots  has  been  observed  to  be  proportional  to  the  total  arc 

1  3 


current . 
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In  conclusion,  the  cathode  plasma  density  increases  with  in¬ 


creasing  current  density,  the  plasma  inventory  increases  with 


time  and  the  material  in  the  cathode -anode  cap  becomes  neutral- 


dominated  soon  after  the  pulse.  While  some  properties  of  the  cath¬ 


ode  plasma  depend  on  the  cathode  material  and  surface  condition. 


the  plasma  expansion  is  caused  by  protons  from,  residual  surface 


contaminants . 
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Table  I.  Inferred  Uniformity. 

Uniformity 

1.  Sandblasted  aluminum. 

2.  Graphite  over  sandblated  aluminum. 

3.  Graphite  over  smooth  aluminum. 

4.  Smooth  aluminum 

Table  II.  Spectral  lines  observed 
Cl  2478  A 

CII  4267,  3918-20,  6579,  2836-37 
CIII  2297,  4647-51 
CIV  5801,  5811 

H  6563  (Ha) ,  4861  <HB) 

The  above  lines  were  observed  when  either 
aluminum  or  carbon  coated  cathodes  were  used. 

When  aluminum  cathodes  were  used,  the  follow¬ 
ing  lines  were  also  seen: 

Ail  3962,  3944 
kill  2815,  4663 
AHIII  4529 

No  oxygen  lines  have  been  observed  with  either 
cathode . 

No  strong  silicon  lines  have  been  observed  with 
either  cathode. 
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12. 

Typical  cathodes. 

Experimental  arrangement. 

X-ray  pinhole  photograph  and  anode  damage  pattern  show¬ 
ing  relative  uniformity. 

(a)  Typical  waveforms 

(b)  Interferograms ;  times  indicated  in  4(a). 

(c)  Area  viewed  by  the  interferometer. 

Interferogram  showing  neutral  -  induced  fringe  shifts. 
Current  traces  (a)  and  interferograms  (b) ,  (c)  for 
three  (peak)  current  densities. 

Possible  enhancement  of  current  density  from  the  top 
of  the  cathode  due  to  incomplete  magnetic  diffusion. 
Current  traces  (a)  and  interferograms  (b)  showing  the 
effects  of  a  pulse  crowbar. 

Current  traces  (a)  and  interferograms  (b)  for  two  dif¬ 
ferent  cathode  materials.' 

Interferograms  taken  at  late  times. 

Time  dependence  of  carbon  and  aluminum  line  intensi¬ 
ties  . 

Effect  of  a  silicone  oil  coating. 
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